PRIMA, the instrument for Phase-Referenced Imaging and Micro-arcsecond Astrometry at the VLTI, is currently being developed at ESO. PRIMA will implement the dual-feed capability, at first for two UTs or ATs, to enable simultaneous interferometric observations of two objects that are separated by up to 1 arcmin. PRIMA is designed to perform narrowangle astrometry in K-band with two ATs as well as phase-referenced aperture synthesis imaging with instruments like Amber and Midi. In order to speed up the full implementation of the 10 microarcsec astrometric capability of the VLTI and to carry out a large astrometric planet search program, a consortium lead by the Observatoire de Genève, Max Planck Institute for Astronomy, and Landessternwarte Heidelberg, has built Differential Delay Lines for PRIMA and is developing the astrometric observation preparation and data reduction software. When the facility becomes fully operational in 2009, we will use PRIMA to carry out a systematic astrometric Exoplanet Search program, called ESPRI. In this paper, we describe the narrow-angle astrometry measurement principle, give an overview of the ongoing hardand software developments, and outline our anticipated astrometric exoplanet search program.
INTRODUCTION
The discovery of planets orbiting other stars than our Sun is one of the greatest scientific and philosophical achievements of our time. Aside from providing us with a wealth of information to understand the formation and structure of planetary systems in a universal context, it captures the interest of both scientists and the public with the prospect of finding life in the Universe. Triggered by the discovery of the first planet orbiting another solar-like star in 1995 [1] , nearly 300 extrasolar planets have been discovered until today, the majority of them with the radial velocity method. The dominant role of this technique is however being eroded by the arrival of new facilities. The ongoing developments by ESO of PRIMA, the instrument for Phase-Referenced Imaging and Micro-arcsecond Astrometry at the VLTI [2] , will provide us soon with the telescope infrastructure to carry out an astrometric search for extrasolar planets. This will both complement some weakness inherent to the radial velocity method as well as open new discovery spaces (see Sec. 3). The ESO Very Large Telescope Interferometer (VLTI) on Cerro Paranal in Chile consists of four stationary 8.2-m VLT ''Unit Telescopes'' (UTs), four movable 1.8-m ''Auxiliary Telescopes'' (ATs), and six long-stroke dual-beam delay lines (DLs). It provides baselines of up to 200m length and covers a wavelength range that extends from the near infrared (1 µm) up to 13 µm. PRIMA will implement the dual-feed capability, at first for two UTs or ATs, to enable simultaneous interferometric observations of two objects that are separated by up to 1 arcmin. PRIMA is designed to high-precision perform narrow-angle astrometry in K-band with two ATs as well as phase-referenced aperture synthesis imaging with UTs or ATs and instruments like Amber [3] and Midi [4] . In order to speed up the full implementation of the 10 microarcsec astrometric capability and to carry out a large astrometric planet search program, a consortium lead by the Observatoire de Genève (Switzerland), Max Planck Institute for Astronomy, and Landessternwarte Heidelberg (both Germany), is currently building the Differential Delay Lines (DDLs) for PRIMA and develops the astrometric observation preparation and data reduction software. When the facility becomes fully operational in 2009, we want to use PRIMA with two ATs to carry out a systematic astrometric Exoplanet Search with PRIMA (ESPRI) [5, 6, 7] .
THE METHOD: NARROW-ANGLE ASTROMETRY WITH PRIMA
A two-telescope interferometer that is pointed to a star measures the delay between the wavefront sections as they arrive at the telescopes. This delay is a function of the angle between the telescope baseline and the direction of wavefront propagation, i.e., the position of the star on the sky. However, atmospheric piston perturbations usually prohibit accurate measurements of this delay in absolute terms. To circumvent this problem, a dual-star interferometer like PRIMA measures the differential delay between two stars. When their angular separation is smaller than the isopistonic angle of the atmosphere (≈10-20 arcsec in K-band at Paranal), the piston perturbations of the two wavefronts are correlated and the differential perturbations (∆OPD turb ) average to zero rapidly [8] . If one of the two stars (the "primary star") is bright enough to measure its fringe phase within the atmospheric coherence time, it can be used to stabilize the fringes on the other (secondary) star (fringe-tracking), thus allowing for much longer integrations and hence increasing the limiting magnitude and the number of observable objects. To obtain fringes from both stars on the detector, the external delay difference (∆OPD ext ), which is directly related to the angular separation (∆θ) via the interferometer baseline (B), must be compensated with optical Delay Lines (DL) in the interferometer (see Fig. 1 ). In PRIMA, this optical path compensation is done in two steps. The two star beams are first sent parallel through one main DL to minimize the effects of air turbulence in the tunnels. The large OPD between the two telescopes, which is common for both stars, is thus taken out by the main DLs. Due to the non-zero angular separation between the two stars and the diurnal motion, there is however also a variable differential OPD between the two stars that must be compensated with Differential Delay Lines (DDLs). These DDLs operate in vacuum, to avoid introducing differential dispersion effects, and provide a much smaller stroke (≤ 60 mm) with very high precision (< 2.5 nm). The beams from the two telescopes and both stars are then interferometrically combined in the PRIMA Fringe Sensor Units (FSU). At the position of the central fringe (more accurate: at group delay zero), external and internal delays are equal. The laser-monitored internal delay difference (∆OPD int ) together with the residual differential fringe phase (∆Φ FSU ) are the primary observables of the interferometer (see Fig. 1 ). This delay is proportional to the projection of the separation vector between the two stars onto the interferometer baseline, i.e., it is a one-dimensional measurement. In order to obtain both dimensions of the separation vector, one has to measure ∆OPD int either with two different (orthogonal) baselines, or with one baseline, but at two different parallactic angles. On a 100 m baseline, 10 arcsec separation between two stars correspond to 5 mm OPD in the interferometer. The anticipated measurement accuracy of 10 microarcsec corresponds to ∆OPD int =5nm! This number defines the total OPD error budget for PRIMA in astrometric mode. With two ATs, the minimum K-band brightness of primary stars, required for fringe-tracking, is K ≈ 8 mag. The minimum K-band brightness of reference stars required to reach 10 microarcsec in about 30 min integration time is K ≤ 14 mag (see Fig. 2 ). The maximum separation between target and reference star is ≈ 15 arcsec, depending on atmospheric conditions and anticipated measurement accuracy. How can the presence of a planet (and it's mass) be inferred from such 1-D measurements of the separation between two stars? First, one has to obtain measurements in two dimensions, either with two different (orthogonal) baselines or with one baseline, but at two different parallactic angles. Second, one has to obtain a time series of astrometric measurements that covers the orbital period of the planet that is looked for. Third, the separation vector between the two stars and its evolution is the result of proper motions, parallaxes, and possible companions of both stars. The astrometric solution to this time series of 1-D measurements has to fit for all parameters simultaneously. Because proper motion and parallax of nearby stars are usually several orders of magnitude larger than the reflex motion due to an orbiting planet (several hundred milliarcsec vs. few tens to hundreds of microarcsec), the planet signal will normally become visible only in the residuals after solving for and subtracting parallaxes and proper motions of both stars (see Fig. 3 ). Still, the measurements do not tell which of the two stars has the companion. This must either be inferred from the knowledge of the distances and other properties of the two stars (the reference star will usually be a distant background star), or must be tested by observing the target star against a second reference star (if available).
Once the position wobble of the star has been isolated from the data, the orbit and mass of the planet (if there) can be inferred from Keplers laws, since both star and (invisible) planet orbit around their common center of mass. for HD114386. For this simulation we assumed i=84 deg, Ω=25 deg, and 30 measurements spread evenly over the 3 year orbital phase. Note, that in reality the two 1-D measurements will neither be perfectly orthogonal nor can they be done at the same time (i.e., the errorbar crosses will be asymmetric).
PROSPECTS: THE EXOPLANET DISCOVERY SPACE OF PRIMA
The radial-velocity method is very efficient in detecting massive planets in short-period orbits close to the star. It requires stars with a sufficient number of narrow spectral lines, i.e., fairly old stars of about 1.2 M sun or less. More massive stars (M > 1.4 M sun ) as well as young and chromospherically active stars are not well-suited for this method. Correspondingly, our knowledge on the radial velocity planet population is biased towards short-period massive planets around solar-type stars. Moreover, radial-velocity measurements leave the inclination angle of the orbit (sin i) undetermined, and thus derive only a lower limit on the planetary mass. Astrometry, on the other hand, is a complementary and very promising technique for planet searches. It has a different detection bias, favoring planets in wide, long-period orbits (like in our own Solar System). Moreover, astrometry can measure two components of the stellar reflex motion, versus the single radial component that is observable spectroscopically, thus allowing to derive full orbit solutions. For this reason, astrometric orbit measurements are ultimately required to derive the fundamental parameter of a planet: it's mass. However, to play a significant role and open new discovery spaces, an astrometric accuracy of order 10 microarcsec is needed. Figure 4 shows the detection limits for planet searches with astrometry and the radial velocity technique. Both methods have opposite detection biases with respect to orbital period (RV: K ∝ P -1/3 vs. Astrometry: ρ ∝ P +2/3 /D). It can also be seen that narrow-angle astrometry with an accuracy of 50 microarcsec (5 σ) opens a new discovery space for orbital periods longer than 1-3 yrs. Although the exact location of this crossing point depends on the characteristics of the specific target stars (e.g., distance, mass, activity levels) and may shift over time (better spectrographs), this estimate has important implications for target selection and observing strategies of astrometric planet search programs. With this detection limit and on these timescales, astrometric planet searches can identify Neptune-like planets in 1 -5 AU orbits around nearby low-mass stars, which are outside the reach of current-day RV measurements. It is, however, also clear that ground-based astrometry with 10 microarcsec accuracy will not detect Earth-like rocky planets. When equipped with Differential Delay Lines, PRIMA will be able to perform narrow-angle astrometry in K-band with an accuracy of up to 10 microarcsec (anticipated). It will thus be capable of detecting Saturn-mass planets around nearby main sequence stars of any spectral type, down to Uranus-mass planets around nearby M dwarfs. Earth-like rocky planets are, however, still out of reach for current-day ground-based astrometry. Since astrometry does not depend on narrow and stable spectral lines, it will also be sensitive to Jupiter-like giant planets around young stars which are less suitable for the radial-velocity method. [13] . Known extrasolar planets are marked as blue circles (RV, lower mass limit due to sin i uncertainty), squares (transit photometry), and triangles (microlensing). Solar system planets are marked by their symbols. Detection thresholds are marked by dashed lines under the following assumptions: host star mass 1 M sun , RV detection limits 3m/s and 10m/s, astrometric detection limits 50 microarcsec at distance 10 pc and 30 microarcsec at distance 3 pc (as examples; measurement accuracy does not depend on distance).
HARD AND SOFTWARE DEVELOPMENTS

The PRIMA facility
The VLTI on Cerro Paranal in Chile is fully operational with four stationary 8.2-m Unit telescopes (UTs), four movable 1.8-m Auxiliary Telescopes (ATs), four dual-beam main Delay Lines, and a number of interferometric instruments in the beam combination laboratory. The PRIMA facility, which is currently being assembled and will be commissioned on sky in 2009, is composed of four major sub-systems [9] : Star Separators (STS) at the Coudé foci of the telescopes (at first two ATs only), a two-color end-to-end laser metrology system (PRIMET), Fringe Sensor Units (FSUs), and Differential Delay Lines (DDLs) [6] . The first three subsystems were procured by ESO from industrial consortia and are currently being tested and integrated into the VLTI on Paranal. The DDLs are currently being assembled and tested by the ESPRI consortium at the Geneva observatory and will be shipped to Paranal in July 2008 to be integrated into PRIMA as the last of its sub-systems.
Differential Delay Lines
The design of the DDLs has been developed by the ESPRI consortium in close collaboration with ESO. The DDLs consist of Cassegerain-type, all-aluminum retro-reflector telescopes (cat's eyes) with ≈20 cm diameter that are mounted on stiff linear translation stages. A stepper actuator that is operated with sinusoidal microstepping provides the long stroke of up to 60 mm. A piezo actuator at the M3 mirror in the cat's eye provides an additional fine stroke adjustment over ≈10 µm with an accuracy of 1 nm. Both actuators are driven by one common control loop, such that the optical path can be smoothly adjusted within 120 mm (twice the stroke length) and with an accuracy of 2 nm. Together with an internal metrology system, the DDLs are mounted on a custom-made optical bench in non-cryogenic vacuum vessels (Fig. 5) . The cat's eye optics has been manufactured by Axsys in Detroit, successfully tested at MPIA in Heidelberg, and is currently being integrated with the other DDL components in Geneva. The DDLs and their technical specifications are described in more detail in [10] . 
Astrometric observation preparation and data reduction software
Software developments by the ESPRI consortium include the Observation Preparation Software for astrometry with PRIMA and the complete astrometric data reduction system (see Fig. 6 ). Data reduction from raw instrumental data to calibrated delays will proceed fully automatically with two pipelines and a set of calibration parameters that is re-derived every few months from all available PRIMA astrometry data [11, 12] . The software packages will be delivered to ESO prior to the commissioning of the instrument and will be available to all users. The conversion of calibrated delays into astrophysical quantities like, e.g., planet orbits, is the responsibility of the science user. 
THE ESPRI PROJECT: EXOPLANET SEARCH WITH PRIMA
Scientific goals
When equipped with Differential Delay Lines, PRIMA will be able to perform high-precision astrometry at the 10-microarcsec level, and will thus be capable of detecting Saturn-mass planets around nearby main sequence stars of any spectral type (down to Uranus-mass planets around nearby M dwarfs) as well as Jupiter-mass planets around active young stars that are less suitable for the radial-velocity method. Starting in 2009, we will use the PRIMA facility to carry out one large and coherent astrometric Exoplanet Search program with PRIMA (ESPRI). ESPRI will address the following outstanding issues:
• Resolve the sin i uncertainty from planet masses found by radial-velocity surveys and derive accurate planet masses. This measurement is fundamental to study the planetary mass function, in particular the upper mass cut-off where the statistics is poor.
• Confirmation of hints for long-period planets in radial-velocity surveys.
• Inventory of planets around stars of different mass and age. Of particular interest are young stars with ages up to few hundred Myr and very nearby main sequence stars of spectral types M through A.
• Detection of multiple systems and measurement of relative orbit inclinations.
Target stars
With these scientific goals in mind, we have defined three lists of potential target stars for the ESPRI project:
1. Stars with known radial velocity planets within ≤ 200 pc around the Sun, 2. Nearby stars of any spectral type within ≤ 15 pc around the Sun (see Fig. 7 ), and 3. Young stars with ages < 300 Myr within ≤ 100 pc around the Sun.
The main target selection criteria are:
• Position in the sky: stars must be observable from Paranal, i.e., -85º < DEC < +25º.
• Brightness: Only stars brighter than K ≈ 8 mag can be used for fringe-tracking (see Fig. 2 ). Fainter stars down to K≈ 10-12 mag could possibly be observed with blind tracking, a posteriori software finge-tracking, and reduced astrometric accuracy.
• Distance limits mentioned above were derived from detectability estimates of targeted planets and are not necessarily applicable to other science projects • Other criteria: although spectroscopic binaries can be observed technically, we excluded them from our list because they cause additional complexity in the data interpretation.
The selection of actual target stars for ESPRI is done in four main steps:
1. Stars that fulfill the primary selection criteria are pre-selected from various existing catalogs and data bases.
2. We investigate (by means of high dynamic range NIR imaging; see below) which of these pre-selected target candidates have suitable reference stars.
3. Positively identified target & reference star pairs are then characterized in terms of physical properties and expected astrometric noise by means of multi-color NIR imaging photometry, high-resolution optical spectroscopy, as well as literature research. Target & reference star pairs that turn out to be not suited for the specific science goal are discarded from the list. 
Preparatory work
Both primary and secondary stars have to fulfill strict technical requirements on angular separation, brightness, location in the sky, etc., as well as scientific requirements on distance, astrometric stability, and various physical stellar parameters like age, mass, etc. We have extensively studied and tested if existing data bases can be used to at least preselect suitable reference stars and derive some of these quantities. For most data bases it is obvious, that they cannot be used because they are either not sensitive enough and therefore miss most of the potential reference stars or they suffer from strong saturation and ''blind'' areas around bright stars (e.g.,2MASS, Denis, DSS2, SDSS; see Fig. 9 ). Others like USNO B1.0 are so much dominated by ghosts and artefacts around bright stars that the false alarm rate is close to 100%, while actually existing stars remain undetected. Therefore, an extensive preparatory observing program must be carried out before any astrometric measurements with PRIMA can be performed. This preparatory program consists at large of five steps:
1. Model detection spaces and error sources.
2. Pre-select potential target stars from existing catalogs.
3. High dynamic range NIR photometric imaging to search for and characterize suitable reference stars. Without such reference stars, no PRIMA observations can be done.
4. Spectroscopic study of target stars and multi-color photometry of reference star candidates to derive various stellar parameters (see below)
5. Build up a data base of target & reference star pairs for PRIMA astrometry.
This program is currently being carried out by the ESPRI Science Team (the authors of this paper).
Step 1 has lead, e.g., to the sensitivity estimates (Fig. 2) , target selection criteria (Sec. 5.2), reference star search strategy, and observing strategy (Sec. 5.4). NIR high-dynamic range imaging and high-resolution optical spectroscopy observing campaigns are under way since 2004. They have resulted in the identification ≈65 target stars with "good" reference stars, out of the first ≈400 nearby stars observed. We have also identified a number of previously unknown spectroscopic binaries. The program is still ongoing. From the observations, we derive in particular (i) the K-band brightness of the identified potential reference stars to assess the sensitivity limit and the integration times (ii) the separation vector between target and reference star with an accuracy 0.1 arcsec, for tracking and beam switching operations, (iii) the NIR spectral index or effective wavelength in the FSU passbands, for converting phase delays into optical path difference and angles, and (iv) stellar activity levels and corresponding expected astrometric noise to prevent spending observing time on targets that have noise levels higher than the signal a planet would produce. The target and reference star database is set-up at MPIA and will soon be publically available. 
Strategy and timeline
Starting in mid 2009, when the astrometric commissioning of PRIMA will be completed, the ESPRI science team will begin to carry out a large and coherent astrometric Exoplanet Search program with PRIMA (ESPRI). Scientific goals and target star groups are described in Sections 5.2 and 5.3. Using PRIMA in K-band with two ATs, we will observe about 80 -100 stars belonging to one of the three target groups defined in Sec. 5.3. The core program will last for ≈3-5 years. The first results to be expected will most likely be orbit inclination and mass measurements of known massive, relatively short-period (weeks) radial velocity planets.
Although nearby stars are distributed more or less evenly in the sky, the availability of background reference stars will result in a relative concentration of PRIMA targets towards the galactic plane. For southern stars we will most likely use one fixed E -W baseline of about 150 m length and observe them at different hour angles to determine the two spatial dimensions of the projected orbits. This provides sufficient baseline rotation as well as sufficiently long projected baselines. During (southern) spring, when the observable part of the galactic plane is further north, we will probably also incorporate a N -S baseline. For reasons of stability, reproducibility, and long-term calibration, the number of baselines used for narrow-angle astrometry will be kept to a minimum. The final strategy and specific telescope stations are, however, not yet defined. Depending on the specific target & reference star pair properties, baseline in use, expected astrometric signal and orbital period, anticipated measurement accuracy, etc., we will visit one target star up to two times per night (baseline rotation) in intervals of several days to weeks. Integrations times depend on several parameters like, e.g., brightness of the stars, separation, atmospheric conditions, and anticipated measurement accuracy. A typical integration time for high-accuracy measurements (10-50 microarcsec) of the 1-D separation component will be 30 min, or about 1 hr of telescope time.
Astrometric observing campaigns with PRIMA, which will include our ESPRI program as well as programs proposed by other groups, will be grouped in uninterrupted blocks of 2-3 weeks duration every ≈2-3 months, during which the basline will not be changed. The baseline will be calibrated only once for such a campaign and the solution will be improved over time by incorporating the actual science observations.
